Efforts to limit the impact of invasive species are frustrated by the cryptogenic status of a large proportion of those species. Half a century ago, the state of Hawai'i introduced the Bluestripe Snapper, Lutjanus kasmira, to O'ahu for fisheries enhancement. Today, this species shares an intestinal nematode parasite, Spirocamallanus istiblenni, with native Hawaiian fishes, raising the possibility that the introduced fish carried a parasite that has since spread to naïve local hosts. Here, we employ a multidisciplinary approach, combining molecular, historical, and ecological data to confirm the alien status of S. istiblenni in Hawai'i. Using molecular sequence data we show that S. istiblenni from Hawai'i are genetically affiliated with source populations in French Polynesia, and not parasites at a geographically intermediate location in the Line Islands. S. istiblenni from Hawai'i are a genetic subset of the more diverse source populations, indicating a bottleneck at introduction. Ecological surveys indicate that the parasite has found suitable intermediate hosts in Hawai'i, which are required for the completion of its life cycle, and that the parasite is twice as prevalent in Hawaiian Bluestripe Snappers as in source populations. While the introduced snapper has spread across the entire 2600 km archipelago to Kure Atoll, the introduced parasite has spread only half that distance. However, the parasite faces no apparent impediments to invading the entire archipelago, with unknown implications for naïve indigenous Hawaiian fishes and the protected Papahānaumokuākea Marine National Monument.
Introduction
The rate of species introductions has increased dramatically in modern times, correlating with human population growth, advances in transportation, and increased international trade [1] , [2] . While most introduced species never become established, those that persist can have serious economic impacts [3] , [4] , consequences for human health [5] , and can pose a significant threat to biodiversity and ecosystem function [6] - [8] . In response to these risks, resource managers and government agencies are dedicated to the identification, control, and eradication of nonindigenous species (NIS) [9] - [11] .
Efforts to stem the impact of invasive species are impeded by the uncertain or cryptogenic status of many NIS [12] , [13] . For example, in the San Francisco Bay an estimated 37% of known or suspected alien species are cryptogenic [12] . These species leave resource managers with an uncertain course of action and are a potential drain on limited management resources. Identifying the native range of cryptogenic species is hampered by the paucity of fossil and historical records, and is particularly problematic among parasites and microbes whose taxonomies are poorly resolved relative to those of more prominent plants and animals [14] .
In the absence of natural range data or fossil records, a multidisciplinary approach combining phylogeography, population genetics, and ecology may illuminate the status of cryptogenic species. Here, we employ such an approach to resolve the status of the parasitic nematode Spirocamallanus istiblenni (Noble 1966, family Camallanidae), which may have been introduced to Hawai'i during well-intentioned fish introductions.
In an effort to enhance local fisheries, the Hawai'i Division of Fish and Game transplanted the Bluestripe Snapper Lutjanus kasmira (Forsskål 1775, family Lutjanidae; Fig. 1 ) to the island of O'ahu, including 2435 fish from the Marquesas Islands in 1958 and 728 fish from the Society Islands in 1961 (Fig. 2 ) [15] , [16] . (Note: The Marquesas and Society Islands are two of the four primary archipelagos in French Polynesia.) Prior to release, the fish were treated with copper sulfate to remove external parasites [17] , [18] . No measures were taken to eliminate internal parasites. Following introduction, L. kasmira spread rapidly, reaching the far northwestern end of the archipelago, over 2000 km from the introduction site, within 34 years (Fig. 2) .
Despite measures taken to prevent the introduction of parasites, faunal comparisons between Hawai'i and French Polynesia indicate that up to eight species of ectoparasitic flatworms (class Monogenea) were introduced to Hawai'i, plus two cryptogenic species, including the endoparasitic nematode S. istiblenni (Fig. 1 ) [18] , [19] . Camallanids attach to the lining of the gastro-intestinal tract where they feed on host blood and tissue. At high densities, these parasites can cause severe damage to intestinal tissues [20] , [21] . In Hawai'i, S. istiblenni is known to parasitize L. kasmira and at least seven native species of fish (Text S1). The parasite has been documented throughout the Main Hawaiian Islands (near the point of fish introduction) and at high prevalence as far west as French Frigate Shoals in the middle of the archipelago (Fig. 2) . While considerable effort has been invested in documenting the range (and possible spread) of this parasite, its alien status remains uncertain.
In general, the geographic distribution of fish parasites in the Pacific is poorly documented, and the uncertainty in the natural range of S. istiblenni stems from a lack of occurrence data. Outside of Hawai'i, S. istiblenni is known only from French Polynesia and Fiji [22] , [23] (reexamination of materials from Okinawa has called into question the accuracy of earlier records [23] ). Based on biogeographic data from reef fish species, the most likely route of natural dispersal between the South Pacific and Hawai'i is along the Line Islands, which straddle the equator 1,400 km south of Hawai'i. The presence of several species (or genetic lineages) in the Line Islands and Hawai'i, but not elsewhere in the Pacific, confirms this avenue of dispersal [24] , [25] . Therefore, natural colonization of the Hawaiian Islands by this parasite remains a possibility.
Here, we describe a multidisciplinary approach, combining phylogeography and population genetics with ecological survey data from the native and introduced ranges, to resolve the cryptogenic status of S. istiblenni in Hawai'i. Specifically, we surveyed host fish from across much of the known range of S. istiblenni to answer the following questions: 1) Is S. istiblenni found in the Line Islands, the closest archipelago to Hawai'i and a known gateway for natural dispersal into the Hawaiian Islands? 2) Are S. istiblenni in Hawai'i genetically divergent from other populations in the Pacific and, therefore, likely to be native to those islands, or 3) Do S. istiblenni in Hawai'i share a genetic affinity with French Polynesia (the native range of the host fish L. kasmira), indicating a likely human-mediated introduction? This study also benefits from robust historical records on the fish introduction, a rare advantage in studies of marine invasions.
Methods

Specimen collection and dissection
This study was carried out in strict accordance with recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. (Table 1) . Forty L. kasmira were collected from Fiji (Fig. 2) . Our collection efforts in the Line Islands were divided between Kiritimati and Palmyra (1,800 km and 1,500 km south of Hawai'i, respectively). Due to logistic constraints and a scarcity of L. kasmira in parts of the Line Islands, we collected only three at Kiritimati and none at Palmyra. However, we were able to obtain two other S. istiblenni hosts, the Blacktail Snapper L. fulvus (N = 131) and the Peacock Grouper C. argus (N = 199). Parasitic nematodes were recovered from intestinal tissue and preserved in either 95% ethanol (EtOH) or saturated NaCl solution [26] , and stored at room temperature. Nematodes were visually identified to at least the level of genus (Spirocamallanus) while the species designation was confirmed for a subset of the Hawaiian specimens. A subset of the S. istiblenni collected by Vignon et al. [18] from L. kasmira in French Polynesia, as well as specimens collected during a field expedition to the region in 2010, were used for genetic analyses. In total, S. istiblenni from 32 L. kasmira from the Marquesas and 10 L. kasmira from the Society Islands were utilized for a total of 119 parasites (Table 2) . Voucher specimens were deposited in the National Museum of Natural History, Paris, France (Table S1 ).
DNA extraction, PCR amplifications, and sequencing DNA was isolated using either an E.Z.N.AH Tissue DNA Kit (Omega Bio-Tek, Inc., Norcross, GA) following the manufacturer's protocol or the modified HotSHOT method [27] , [28] . All genomic DNA was stored at 220uC. Approximately 420 bp of mitochondrial cytochrome oxidase I gene (COI) were amplified in all specimens using the primers FCOX1A and RCOX1A of Wu et al. [29] . A subset of these specimens was utilized for phylogenetic analyses. In these samples, two overlapping fragments of the ribosomal small subunit 18S (18S) were amplified using the primer pairs G18S4/647 and 652/647 of Nadler et al. [30] and approximately 175 bp of the ATP Synthetase Subunit b (ATPSb) intron was amplified using the ATPSbf1 and ATPSbr1 primers of Jarman et al. [31] .
Polymerase chain reactions (PCRs) for all three markers were carried out in a 10 ml volume containing 2-15 ng of template DNA, 0.2-0.3 mM of each primer, 5 ml of the premixed PCR solution BioMix Red TM (Bioline Inc., Springfield, NJ, USA), and deionized water to volume. PCR reactions utilized the following cycling parameters: initial denaturation at 95uC and final extension at 72uC (10 min each), with an intervening 35 cycles of 30 s at 94uC, 30 s at the annealing temperature (COI, 54uC; 18S, 58uC; ATPSb, 58uC), and 45 s at 72uC. Amplification products were purified using 0.75 units of Exonuclease I: 0.5 units of Shrimp Alkaline Phosphatase (ExoSAP; USB, Cleveland, OH, USA) per 7.5 ml PCR products at 37uC for 60 min, followed by deactivation at 85uC for 15 min. DNA sequencing was performed with fluorescently-labeled dideoxy terminators on an ABI 3730XL Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) at the University of Hawai'i Advanced Studies of Genomics, Proteomics and Bioinformatics sequencing facility.
Sequences for each locus were aligned, edited, and trimmed to a common length using the DNA sequence assembly and analysis software GENEIOUS PRO 5.0 (Biomatters, LTD, Auckland, NZ). Unique COI haplotypes and nuclear genotypes were identified using the Haplotype Collapser and Converter option in Table 1 . Colored circles delineate the two divergent lineages detected in phylogenetic analyses (Fig. 3 ). Pie charts for Hawai'i locations represent prevalence data for the host fish Lutjanus kasmira (black = proportion infected; white = proportion not infected). Main Hawaiian Islands listed include HI, MA, OA, and KA. doi:10.1371/journal.pone.0056940.g002 sequences were unambiguous with only Camallanus cotti sequence (EF180071) having a single heterozygous site. Allelic states of the ATPSb sequences with more than one heterozygous site (5 sequences) were estimated using the Bayesian program PHASE 2.1 [32] , [33] as implemented in the program DnaSP 5.0 [34] . We conducted three runs each for 10,000 iterations with 1000 burn-in iterations and with a unique random-number seed. All runs returned consistent allele identities.
Phylogenetic analyses
To determine the evolutionary relationship among S. istiblenni populations, an intra-specific phylogeny was produced for each locus using maximum likelihood (ML) methods and default settings in the program MEGA 5 [35] . Trees were rooted with sequences obtained from Genbank (18S: Dracunculus insignis, AY947719; D. medinensis, AY947720; ATPSb: Caenorhabditis elegans, AL023815; COI: Camallanus cotti, EU598817-19). For comparison, 18S sequences from the family Camallanidae of Nadler et al. (6) (Spirocamallanus monotaxis, JF803931; S. rebecae, DQ442667; S. pintoi, DQ442666; S. pacificus, DQ442665; Camallanus cotti, EF180071; C. lacustris, DQ442663; C. oxycephalus, DQ503463, C. sp., DQ442664)
were included in the analysis. Bootstrap support values were calculated using default settings with 1000 replicates. The ML tree topology was confirmed using Bayesian Markov Chain Monte Carlo (MCMC) analysis as implemented in MRBAYES 3.1.1 [36] . The Bayesian analysis was run using the recommended GTR model with gamma distributed rate variation across sites and a proportion of invariable sites. Simulations were run for one million generations with a sample frequency of 10 and a burn-in of 2500 generations.
Average percent divergence (d) between lineages was calculated in ARLEQUIN 3.5 [37] using 20,000 permutations (corrected values reported).
Population genetics: cytochrome oxidase I
Population genetic analyses were conducted to determine the level of similarity between French Polynesia (Marquesas and Society Islands) and Hawai'i populations. Summary statistics, including haplotype diversity (h) and nucleotide diversity (p), were estimated with algorithms from Nei [38] as implemented in ARLEQUIN (Table 2) . To examine the relationships between mitochondrial haplotypes, a phylogenetic median-joining network was constructed using NETWORK 4.5 with default settings [39] . Analyses of molecular variance (AMOVA) were performed in ARLEQUIN using 20,000 permutations. Wright's F ST was calculated to detect significant haplotype frequency shifts and was not used to measure conventional population structure or to make estimates of migration. To compare genetic diversity in the introduced and source populations, while controlling for unequal sample sizes, we estimated haplotype richness using rarefaction analysis (ANALYTIC RAREFACTATION 1.4; UGA Stratigraphy Lab website; http://www. uga.edu/,strata/software/).
Differences between the proportion of infected fish (prevalence) in Hawai'i versus in French Polynesia were tested using a chi- square (x 2 ) goodness-of-fit test [40] . Because L. kasmira first acquire S. istiblenni as juveniles, one might expect older and larger fish to be more likely to harbor parasites. To ensure that differences in prevalence were not due to sampling bias, we also used an ANCOVA to test for the effect of fish size (weight in grams was chosen because we had a complete dataset) on the proportion of fish infected. We tested for differences between the number of parasites per infected fish (intensity) using an unpaired t-test. To control for fish size, we also tested for differences in the number of parasites per gram of infected fish. Calculations were conducted using the online calculator GraphPad Prism (http://www. graphpad.com/prism/statistics.htm).
Results
Fish sampled in Hawai'i were significantly larger than those sampled in French Polynesia (Hawai'i: N = 288, mean fish weight = 190.1 g, SE = 6.07; French Polynesia: N = 300, mean fish weight = 137.6 g, SE = 4.92; unpaired t-test, t = 6.75, P,0.001). At the archipelago level, 34.7% of L. kasmira sampled in French Polynesia were infected (Table 1) . In Hawai'i this number was higher with 63.5% of L. kasmira infected (x 2 = 37.2, P,0.001) and when just the southeastern half of the archipelago (the region of introduction) was considered (Fig. 2, HI to FF) , the infection rate was even higher, with 82.3% of L. kasmira infected. Although fish size was significantly related to infection rate (ANCOVA, F = 9.9, P = 0.002), there was also a significant effect of geographic location (Hawai'i vs. French Polynesia) after controlling for the effect of fish size (ANCOVA, F = 37. Our sampling effort indicates that S. istiblenni is either absent or rare in other regions of the South Pacific. We found no spirocamallanids in 7 L. kasmira from the Northern Line Islands, the closest island group south of Hawai'i. Only 4.5% of 199 Cephalopholis argus (mean intensity = 1.8 parasites per infected fish) and none of the 131 Lutjanus fulvus sampled in the Northern Line Islands were infected with spirocamallanids. We detected 3 spirocamallanids in 40 L. kasmira from Fiji (prevalence = 7.5%, mean intensity = 1.3) and no spirocamallanids in 14 L. kasmira from American Samoa.
Phylogenetic analyses
We resolved 1039 bp of 18S rDNA in 30 parasites (Hawai'i = 9, Marquesas = 9, Society = 7, Line Islands = 5) resulting in two alleles, 92 bp of the ATPSb intron in 31 parasites (Hawai'i = 8, Marquesas = 8, Society = 8, Line Islands = 7) resulting in eight alleles and 362 bp of mitochondrial COI in 30 parasites (Hawai'i = 8, Marquesas = 8, Society = 7, Line Islands = 7) resulting in 10 haplotypes (Table S2 ). These loci reveal two wellsupported and divergent lineages within the spirocamallanids sampled here (18S, 0.7%; ATPSb, 19.1%; COI, 11.2%; Fig. 3 ). S. istiblenni from French Polynesia and Hawai'i form one lineage while a second lineage consists of S. monotaxis and an unidentified Spirocamallanus sp. collected in the Northern Line Islands. For comparison we obtained sequences of camallanids from GenBank (see Methods). The 18S tree shows that species-level divergences within the family Camallanidae range from 0.2% (Camallanus lacustris vs. C. oxycephalus) to 3.7% (Spirocamallanus monotaxis vs. S. pintoi), indicating that the 0.7% divergence between the two lineages (French Polynesia and Hawai'i versus Northern Line Islands) likely represents species-level divergence. Corroborating this finding is a high level of divergence detected between the two lineages in both the ATPSb intron (19.1%) and the mitochondrial COI (11.2%) (no corresponding S. monotaxis sequences were available for these markers). The phylogenetic grouping of our Northern Line Islands spirocamallanids in the 18S tree indicates that these specimens could be S. monotaxis, a closely related nematode that is morphologically differentiated only by the relative position of anal papillae [22] .
Population genetics
We resolved a 362 bp segment of COI in 383 S. istiblenni yielding 21 haplotypes with 7 of these observed in single individuals (Table 3 ; Fig. 4 ). Based on COI sequences, the combined source populations harbored greater genetic diversity (haplotypes: Marquesas = 16, Society Islands = 4) than the introduced population (Hawai'i = 7; Table 2 , Fig. 4) . The most common haplotype in French Polynesia was detected at each sample location in Hawai'i (Table 3) including parasites collected from the native fish Monotaxis grandoculis (M.R.G. unpublished data).
Rarefaction analysis indicates that there was no significant difference in the number of expected mtDNA haplotypes in Hawai'i compared to the source population in the Society Islands (Fig. 5) . However, Hawaiian populations harbor significantly less mtDNA diversity than the other source population in the Marquesas (Fig. 5) . We found no evidence of haplotype frequency shifts among the islands in the introduced range with overall F ST in Hawai'i = 20.008 (P = 0.446).
Discussion
Here, we combine molecular, historical, and ecological data to resolve the cryptogenic status of the parasitic nematode Spirocamallanus istiblenni in Hawai'i. Phylogenetic analyses reveal a lineage of S. istiblenni in French Polynesia that was also detected in Hawaiian specimens of the introduced fish L. kasmira. Despite the 3,500 km that separate French Polynesia and Hawai'i, all S. istiblenni collected from Hawai'i nested within the French Polynesian lineage (Fig. 3) . Indeed, S. istiblenni at these geographically distant locations shared most COI haplotypes, with the Hawaiian samples representing a subset of the more diverse French Polynesian haplotypes (Table 3 , Fig. 4) . Despite intense sampling efforts in the Northern Line Islands (Table 1) , which is geographically intermediate between French Polynesia and Hawai'i (and a predominant route of natural colonization into Hawai'i), we found only 9 spirocamallanids in this island group, and all were genetically distinct from the French Polynesian/ Hawaiian lineage (18S, d = 0.7%), grouping with S. monotaxis in our phylogenetic tree: an unlikely scenario if S. istiblenni had colonized Hawai'i via natural dispersal.
S. istiblenni infects 82% of the L. kasmira in the Main Hawaiian Islands where the original introductions took place. While the host fish spread rapidly throughout the archipelago, reaching the far western Midway Atoll within 34 years [16] , [41] , the parasite has lagged behind and is only prevalent as far as French Frigate Shoals, about half-way up the island chain (Fig. 2) . Only two infected fish have been found in the northwest end of the archipelago, indicating that the range of this alien parasite is still expanding, and like that of its host L. kasmira [42] , may eventually span the entire archipelago. An abundance of host fish species in the northwest Hawaiian Islands, and at least two native copepods that can act as intermediate hosts for S. istiblenni (G.A. unpublished data), both support this hypothesis.
Genetic evidence: Hawaiian populations show founder effect
The Hawaiian population of S. istiblenni is dominated by two haplotypes (Table 3 , Fig. 4 ) that constitute 79% of the genetic diversity. Only 7 haplotypes were detected in Hawai'i compared to 18 in French Polynesia (Table 2) , and rarefaction analyses confirmed the loss of genetic diversity during the initial introduction (Fig. 5) ; a pattern expected but often not detected in introduced species [43] including parasites [44] (but see also [45] ). We found no evidence of founder events (i.e. shifts in haplotype frequencies) as S. istiblenni subsequently colonized the Hawaiian Archipelago (overall F ST = 20.008, P = 0.446). This finding is similar to the host fish, L. kasmira, in which high genetic diversity and no population structure was detected within the introduced range, indicating that the host and parasite colonized each island in sufficient numbers to capture most of the standing genetic diversity [16] , [42] .
Ecological evidence: parasite lags behind host in introduced range
A lag between host and parasite geographic distributions during range expansion has been observed in other systems [46] and is suspected to result from either founder effects or lowered transmission rates at the invasion front due to density-dependent processes [47] . However, our case requires an alternate explanation because host fish colonizing new islands do not carry the parasite. Snappers, and other reef fishes, disperse over long distances as pelagic larvae, and the parasite communities that infect larval fishes generally do not correspond to those of the adults [48] , [49] . Instead, range expansion in the parasite is likely mediated by an obligate intermediate host, either a copepod or amphipod, which is required for completion of the parasite life cycle [50] , [51] . Therefore, the spread of this parasite is mediated by at least two species whose population dynamics and susceptibility vary independently, which may slow the spread of the parasite relative to its alien host [46] , [52] . Evidence that parasite range expansion can lag behind their host has been documented in lugworms from invasive cane toads in Australia [46] , but counterexamples include trematodes that infect Japanese marine mud snails in the Eastern Pacific [44] . The latter taxa requires up to three intermediate hosts to complete its lifecycle, while the former is directly transmitted between hosts. The abundance of possible intermediate hosts of S. istiblenni (copepods or amphipods), including two species of calanoid copepods (genera Labidocera and Undinula) that act as intermediate hosts for S. istiblenni in laboratory experiments (G.A. unpublished data), indicate that factors other than lifecycle may be slowing the spread of this parasite.
Competitive release or ecological factors drive prevalence in introduced range
Generally, introduced species harbor lower parasite diversity and suffer lower rates of infection than do conspecifics in their native range [46] . This has been demonstrated in introduced marine fishes in Hawai'i, including L. kasmira [14] , [53] . Vignon et al. [18] record a loss of at least 13 parasite taxa and an acquisition of only two parasites following the introduction of L. kasmira to Hawai'i. For those parasites found to occur in both the native and introduced ranges, prevalence was generally lower in Hawai'i [18] . S. istiblenni is an exception. Nearly twice as many L. kasmira in Hawai'i are parasitized by S. istiblenni compared to the native range and infected fish have an average of 1.9 times more parasites per host, a finding that is again similar to the trematodes that infect Japanese marine mud snails in the Eastern Pacific [44] . The increased prevalence and intensity of S. istiblenni in Hawai'i raise the possibility that this parasite benefits from the loss of competing gut parasites [54] -[] [56] . Alternatively, the increase in prevalence of S. istiblenni may reflect favorable habitat in a host fish experiencing reduced stress from both competitors and parasites. Finally, favorable extrinsic factors such as large host populations (including intermediate and definitive hosts) or the presence of alternative hosts not found in the native range, could enhance transmission and lead to increased infection rates in the introduced range. None of these scenarios are mutually exclusive and all could be working in conjunction to result in increased prevalence and intensity of S. istiblenni in the introduced range.
Conclusion
Here, we synthesize phylogeography, population genetics, and ecological survey data to confirm the alien status of the cryptogenic parasitic nematode S. istiblenni in Hawai'i. This species was brought to Hawai'i over 50 years ago during well-intentioned efforts to enhance local fisheries. The outcome for fisheries has been just the opposite, with L. kasmira regarded as a nuisance and, by some, as a threat to native species. Here we show that the introduced fish also brought an unwelcome passenger, S. istiblenni. Once introduced, S. istiblenni attained a two-fold increase in prevalence, as well as a similar increase in intensity. S. istiblenni lags behind its primary host L. kasmira in the introduced range but there is no obvious barrier to colonization of the entire Hawaiian Archipelago. The threat of exotic parasites to native populations has been well documented and there are several cases of host populations suffering severe consequences due to the impact of alien parasites and disease agents [57] [58] [59] [60] . This introduced parasite has spread to endemic and other native Hawaiian fishes, and into the protected Papahānaumokuākea Marine National Monument, with consequences that have yet to unfold. 
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